Introduction
Functionalization of semiconductor surfaces through chemisorption of organic molecules has generated much recent interest on account of its potential applications in molecule-based devices, bio-sensors, nanolithography and organic dielectrics. [1] [2] [3] Pyrrole (C 4 H 5 N) is an organic molecule with one nitrogen atom that is part of a 5-membered aromatic ring. The possible reaction sites on pyrrole molecule are two C=C double bonds and nitrogen atom. Thus the reaction with semiconductor surfaces may leave reactive sites for further reaction, facilitating the formation of multiple organic molecular layer. More selective and characteristic adsorption products were formed for other organic molecules on Ge(100)-2 Â 1 surfaces, compared with Si(100)-2 Â 1 surfaces. 4, 5) Therefore, the study of the nature of the reaction of pyrrole with Ge surface will help the understanding of the selectivity of the reaction of multi-functional groups and nitrogen-containing aromatic molecules with semiconductor surfaces. In this study, the adsorption structures of pyrrole on a Ge(100) surface at low coverage have been investigated using ab initio DFT calculations and compared with realtime scanning tunneling microscopy (STM).
Calculations
To investigate the configuration of pyrrole on the Ge(100) surface we have performed ab initio calculations within the local density approximation (LDA) using the Vienna ab initio simulation package (VASP). 6) Plane waves up to an energy of 224.5 eV are included to expand the wave functions, and the atoms are represented by ultrasoft pseudopotentials, as provided by VASP. 7) In the surface calculation, the theoretical lattice constant (5.634 Å ) of germanium is used, which is in good agreement with the experimental value (5.658 Å ). In comparison, the calculation within gradient-corrected DFT results in an overestimated lattice constant (5.768 Å ).
The pyrrole-adsorbed Ge(100) surface is modeled by a slab which is composed of six Ge atomic layers and adsorbed pyrrole molecules. The Ge bottom layer is passivated by two H atoms per Ge atom. The topmost four layers of the slab as well as the adsorbed molecules are allowed to relax along the calculated Hellmann-Feynman forces, and the remaining two bottom Ge layers and the H layer are kept frozen during the structure optimization. The surface structure is relaxed until the Hellman-Feynman forces are smaller than 0.02 eV/Å . For the Brillouin-zone integration we use a 4 Â 4 Â 1 grid in the Monkhorst-Pack special point scheme for a cð4 Â 2Þ or pð2 Â 2Þ surface unit cell. A Gaussian broadening with a width of 0.02 eV is used to accelerate the convergence in the k-point sum.
With the use of the self-consistent Kohn-Sham eigenvalues and wavefunctions, the constant-current STM images are simulated within the Tersoff-Hamann scheme.
8) The tunneling current Iðr; AEVÞ is proportional to the energy-integrated local density of states:
where þV and ÀV represent the sample bias voltages for empty-state and filled-state measurements, respectively.
Results and Discussion
Three distinct features including the most dominant flower-like feature with a dark side are observed in the STM images at low coverage. To identify those features, a large number of pyrrole/Ge(100) adsorption configurations possibly resulting from various types of chemical reactions, such as cycloadditions and Lewis acid-base reactions, between adsorbed pyrrole molecule and Ge(100) surface are investigated.
The most stable configuration is that the adsorbed pyrrole molecules with H dissociated form bridges between two down-Ge atoms of neighboring Ge dimer rows through NGe bonding and -carbon-Ge interaction. The pyrrole molecule is tilted by about 40 with respect to the Ge surface.
The position of dissociated H from pyrrole molecule affects the energetics and the simulated STM image of the most stable configuration. One configuration is that the dissociated H is located at a Ge atom of the next dimer in the same dimer row (ND1), as shown in Fig. 1(b) .
where E(adsorbed), E(clean), and E(pyrrole) are the total energies of the pyrrole-adsorbed surface, the reconstructed clean surface, and the pyrrole molecule, respectively. The binding energies for the ND1 configuration in cð4 Â 2Þ and pð4 Â 2Þ unit cells are 1.50 and 1.48 eV, respectively.
The simulated image from this optimized geometry is consistent with the most dominant feature observed in the experimental STM images (see Fig. 1 ). The relative energy values are listed in Table I for the ND1 configuration and others. Note that in order to simulate the exact features shown in the experimental STM images, we used a larger cell of pð4 Â 4Þ in making Fig. 1(b) . Another configuration is that the H attached at the up-Ge atom of the same dimer passivates the dangling bond (ND2), as shown in Fig. 2(b) , and results in another feature with a different dark side inside the hexagonal bright spot. This simulated feature can be also observed in the experimental image (see Fig. 2 ). The binding energies for the ND2 configuration in cð4 Â 2Þ and pð4 Â 2Þ unit cells are 1.45 and 1.51 eV, respectively.
Both structures of Figs. 1 and 2 are formed from N-H dissociation and nucleophilic attack by the electron-rich nitrogen atom of aromatic ring on the electron-deficient down-Ge atom.
As an aromatic molecule, C-H dissociative nuleophilic attack may occur to a significant level, which is analogous to electrophilic aromatic substitution reactions in organic solution chemistry. 9) Although C-H dissociative adsorption structures, CD1 and CD2, are higher in energy compared to ND1 and ND2 (see Table I ), note that they show nearly the same simulated STM images as shown in Figs. 1(a) and 2(a) (see Fig. 3 ). However, the thermodynamic stability of N-H dissociative adsorption over C-H dissociative adsorption means that the more contribution to a flower-like feature with a dark side is from N-H dissociative structures.
Other distinct features observed in the experiment are also compared with DFT calculations. The flower-like feature without a dark side [ Fig. 4(a) ], observed as a minority, is identified as the same structures as shown in Figs. 1 and 2 , but with dissociated H diffusing out of region of interest (ND3), as shown in Fig. 4(b) . From the calculations using a pð4 Â 4Þ unit cell, the ND3 structure is found to as stable as ND1 or ND2. However, within cð4 Â 2Þ and pð4 Â 2Þ unit cells, the binding energy of ND3 is difficult to be compared with other geometries due to the location of the diffused H. Table I . The third feature showing bright protrusions seems to be located on either left or right side of a dimer row [see Fig. 5(a) ]. Among the possible geometries where pyrrole molecule is located on the dimer row, an end-bridged type of the C-and N-end-on (CN) configuration, as shown Fig. 5(b) , involving both C-H and N-H dissociative adsorption is relatively stable. Its simulation results in the bright protrusion similar to the experimental observation (see Fig. 5 ). Thus, it may be a possible candidate for bright protrusions. Their arrangement and size are variable, so the details will be studied elsewhere.
Conclusions
We have investigated the adsorption of pyrrole molecule on the Ge(100) surface using ab initio calculations. We calculated total energies for many possible configurations for the pyrrole/Ge(100) system. In the most stable configuration, the pyrrole molecule adsorbs on Ge dimers via Ge-N bonding and additional Ge-C interaction, forming a bridged structure between adjacent Ge dimer rows. The corresponding simulated images show either the flower-like feature with a dark side or without a dark side, depending upon the position of dissociated H. They are consistent with the experimental observations.
